1. Introduction {#sec1}
===============

Whole-body fuel homeostasis is critically dependent on the stimulation of insulin secretion from pancreatic β-cells following the rise in blood glucose that accompanies feeding. The cellular mechanisms underlying glucose-stimulated insulin secretion (GSIS) depend absolutely on the generation of ATP [@bib1], but additional effects of glucose on other small molecule intermediates have been recently identified using metabolomic profiling [@bib2], [@bib3], [@bib4]. Notwithstanding the key role of glucose in stimulus-secretion coupling, lipid actually constitutes the predominant metabolic fuel for β-cells in the non-fed state [@bib5]. As expected, however, fatty acid (FA) oxidation is inhibited when glucose becomes elevated, and there is an accompanying switch toward *de novo* synthesis with the esterification of FA side-chains onto glycerol to form diacylglycerol (DAG) and triacylglycerol (TAG) [@bib6], [@bib7], [@bib8]. More surprisingly, glucose also promotes the lipolysis of these lipid stores [@bib9], [@bib10], with the net result being the dynamic cycling of FA into and out of TAG. This makes little sense from the sole perspective of nutrient utilization but has been proposed to constitute another means for regulating insulin secretion [@bib11], [@bib12], [@bib13].

Despite the potential importance of TAG/FA cycling in β-cells, our understanding of both its basic biochemistry, and the signalling interface with insulin secretion remains rudimentary. The activation of neutral lipases plays a key role since GSIS is inhibited both by pan-lipase inhibitors such as Orlistat [@bib9], [@bib14] and by deletion of hormone-sensitive lipase (HSL) [@bib10], [@bib15], [@bib16] and adipose tissue glycerolipase (ATGL) [@bib17]. However, these findings require re-evaluation following a more complete characterization of these two lipases in other cell types, where ATGL acts predominately on TAG to generate DAG, which is then further degraded to MAG by HSL [@bib18], [@bib19]. The latter also hydrolyses cholesterol ester (CE) to free cholesterol (COH). All these esterified lipids can also be degraded by lysosomal acid lipase, via the process of lipophagy [@bib20], which we have recently shown serves as a chronic, negative regulator of GSIS [@bib21]. How glucose interacts in these metabolic pathways is important for identifying intermediates that regulate secretion over the short, and potentially longer, term.

In addition to hydrolytic pathways, glucose can also remodel neutral lipid pools via *de novo* synthesis [@bib6], [@bib8], [@bib22], [@bib23]. Phospholipid hydrolysis constitutes yet another route for generating DAG, especially species containing arachidonic acid (C20:4), which are much better characterized as signalling mediators. These species are enhanced in β-cells not only via classic receptor-dependent mechanism, but also in response to glucose [@bib22], [@bib23]. This is mediated via a Ca^2+^-dependent activation of two phospholipases: phospholipase C [@bib24], acting on derivatives of phosphatidylinositol (PI); and phospholipase D [@bib25], which hydrolyses predominately phosphatidylcholine (PC) or phosphatidylethanolamine (PE). Yet another potential route for the generation of DAG arises from the action of sphingomyelin synthase (SMS), which catalyses the condensation of ceramide with PC, to form DAG plus SM. Although this enzyme plays an essential but poorly described function in the distal secretory pathway of β-cells [@bib26], [@bib27], its contribution in the context of lipid metabolism has not been addressed. Phospholipid remodelling also occurs in response to the activation by glucose of phospholipase A2 (PLA2), giving rise to lyso-phospholipid species and free FAs, predominately arachidonic acid, which is implicated in the regulation of insulin secretion [@bib28]. There is evidence that the preferred substrates in β-cells of this PLA2 are plasmalogens, phospholipids in which the FA side-chain in the sn-1 position is attached by a vinyl ether linkage, rather than by esterification as is more common [@bib29].

Here we have applied MS to conduct the first comprehensive and unbiased characterization of how glucose acutely regulates the turnover of phospholipids, sphingolipids and neutral lipids in β-cells. Our results point to remodelling of all three lipid classes in response to glucose, which impacts in varying ways on the overall accumulation of separate DAG and MAG species, as well PC plasmalogens and various sphingolipid metabolites. These findings shed new light on metabolic stimulus-secretion coupling in β-cells.

2. Materials and methods {#sec2}
========================

2.1. Reagents {#sec2.1}
-------------

All tissue culture media, supplements and trypsin for MIN6 cells and isolated islets were from Thermo Fisher Scientific Australia (Scoresby, VIC, Australia). Insulin RIA kits were from Linco/Millipore (Billerica, MA). DMSO, fatty acid free fraction V BSA, palmitate disodium salt, Orlistat, all neutral lipid standards, TLC plates, and [l]{.smallcaps}-glucose, were from Sigma--Aldrich (St. Louis, MO). The BCA (bicinchoninic acid assay) protein assay kit was from Pierce (Rockford, IL). Organic solvents were from Thermo Fisher. ^3^H-sphinganine was from American Radiolabelled Chemicals (St Louis MO).

2.2. Cell culture and islet isolation {#sec2.2}
-------------------------------------

The pancreatic beta cell line MIN6 was used at passages between 26 and 35, as previously described [@bib30]. Cells were grown at 37 °C and 5% CO~2~ in DMEM (25 mM glucose), supplemented with 10% FCS, 10 mM HEPES, 50 units/ml of penicillin and 50 μg/ml streptomycin. Cells were seeded 4 × 10^5^ cells per well in 12-well plates, or at 2 × 10^6^ in 6-well plates. Islets were isolated from male C57Bl6 mice as previously described [@bib21]. After pancreatic digestion, islets were purified and incubated overnight in RPMI 1640 media (Roswell Park Memorial Institute 1640; 11 mM glucose) supplemented with 10% FCS, 0.2 mM glutamine, 10 mM HEPES, 50 U/ml of penicillin and 50 μg/ml streptomycin.

2.3. Glucose stimulation assays {#sec2.3}
-------------------------------

MIN6 cells or groups of approximately 100 islets were preincubated for 1 h in Kreb\'s Ringer HEPES buffer (KRHB) containing 0.1% (wt/vol) BSA and 2 mM glucose (plus or minus 0.2 mM Orlistat, depending on experiment). They were then incubated for 1 h at 37 °C with KRHB containing either 2- or 20 mM glucose (plus or minus Orlistat, depending on experiment). An aliquot of the buffer was taken, and insulin release measured by RIA.

2.4. Lipidomic profiling using MS {#sec2.4}
---------------------------------

Following treatment and glucose stimulation, islets (100 or 200 islets per condition) or MIN6 cells (2 wells of a 6-well plate per condition) were pelleted in ice cold PBS. Samples were extracted and analysed as previously described [@bib31]. Briefly, cells were subjected to a single phase extraction using an addition of 20 times volume of chloroform:methanol 2:1, followed by sonication and centrifugation to pellet any protein precipitate. The supernatant was removed and dried under vacuum before the samples were reconstituted in equal volumes of water saturated butanol and 10 mM ammonium formate in methanol. Samples were run through an Agilent 1200 HPLC, with an Agilent 2.1 × 50 mm C18 column, coupled to an AB SCIEX Qtrap 4000 mass spectrometer and subjected to lipidomic analysis of TAG, DAG, sphingolipids and phospholipids as previously described [@bib30], [@bib32], [@bib33]. For analysis of MAG species, 50 pmol of MAG 17:0 (Avanti Polar Lipids, Alabaster, AL) was added to each sample as an internal standard, prior to lipid extraction. We used the same equipment as above with the following voltages: collision energy (15 V); declustering potential (76 V); and exit potential (16 V). MAG species were then monitored during the chromatographic elution [@bib33] and quantified by comparing peak areas relative to that of the internal standard. For multiple reaction monitoring [@bib31], individual MAG species were identified from a combination of neutral loss scans and literature data. The neutral loss scan is based on the loss of glycerol (92 Da) across a mass range of 300--600 Da.

2.5. Radiolabelling and TLC {#sec2.5}
---------------------------

MIN6 cells were seeded in 12-well plates followed by glucose stimulation in KRBH in the presence of 5 μCi/ml of ^3^H-sphinganine for 1 h. Cells were washed with cold PBS, gently lysed in 0.1% SDS in PBS, and an aliquot of sample taken for protein quantification, by BCA assay. Total lipid was then extracted by addition of chloroform:methanol \[2:1 (v/v)\] solution, followed by washing with milli-Q water. The organic phase was then dried down under N~2~, and resuspended in 25 μL chloroform:methanol \[2:1 (v/v)\]. These samples, supplemented with unlabelled standards, were then run on acetone-activated TLC chloroform:methanol:water \[65:25:4, by vol.\] for analysis of sphingolipids [@bib34]. The plate was then exposed to Kodak MR film for 6 days at −80 °C. Following development of the film, the plate was iodinated overnight, to visualise the lipid standards, and spots of interest were scraped, combined with 5 mL scintillation fluid and counted on a β-counter (Beckman Coulter, S6000SC).

2.6. Statistical analysis {#sec2.6}
-------------------------

All data are expressed as mean ± S.E.M. All statistics were performed using GraphPad Prism5 software (GraphPad software, La Jolla, USA) and subjected to either: one-way ANOVA (with Sidak\'s post-test); two-way ANOVA (with Sidak\'s multiple comparison post-test); or Student\'s unpaired *t*-test, (corrected for multiple comparisons according to Holm Sidak).

3. Results {#sec3}
==========

3.1. Lipid turnover in islets and MIN6 cells {#sec3.1}
--------------------------------------------

We conducted a comprehensive lipidomic screen of both isolated mouse islets and MIN6 cells to investigate changes following 1 h stimulation with glucose. This entailed analysis of more than 350 individual species, comprising more than a dozen major lipid classes and including members of each of the phospholipid, sphingolipid and neutral lipid families. The full list of the 300 metabolites that were consistently detected in mouse islets is provided in [Supplementary Table 1](#appsec1){ref-type="sec"}. Very few of the changes due to glucose, however, maintained statistical significance after correction for multiple analyses. Nevertheless, responses in ceramides, disaturated DAG species and PC(P) plasmalogens were sufficiently noteworthy to prompt further investigation. As an additional screening approach we have summed all the species for each major lipid class, to obtain a measure of its total mass, and determined the response of 20 mM glucose expressed relative to basal (2 mM glucose). There was generally very good agreement between results obtained with islets ([Figure 1](#fig1){ref-type="fig"}A) and those in MIN6 cells ([Figure 1](#fig1){ref-type="fig"}B). A major exception was cholesterol metabolism, with a possible remodelling of CE to COH due to glucose that was more pronounced in MIN6 cells than islets. Although glucose stimulation barely altered the total content of any of the major phospholipid classes of PC, PE, PI, or phosphatidylserine, the PC plasmalogen (P) was decreased in both models. This was highly specific, as it was not observed in PC ether lipids (PC(O)), containing non-vinyl ether linkages in the sn-1 position. Nor were the PE plasmalogens (PE(P)) or ether lipids (PE(O)) altered. The most obvious effect of glucose on sphingolipid metabolism was a highly significant decrease in ceramide, accompanied in MIN6 cells only by an increase in the glycosylation product monohexosylceramide (MHC). Of the neutral lipid class, TAG was diminished in MIN6 cells in response to glucose ([Figure 1](#fig1){ref-type="fig"}B), and there was a clear trend toward increases in DAG (significantly so in islets) and less obviously in MAG.

3.2. DAG metabolism in response to glucose {#sec3.2}
------------------------------------------

DAG was chosen initially for more detailed analysis of the changes in individual species. These results are normalized to phospholipid content for islets, which did not vary between high and low glucose treatments (102 ± 5 versus 105 ± 12 nmol/mg protein). The greater availability and reproducibility of MIN6 cells allowed us to present results as mass per unit protein for these individual DAG species, with good concordance between the two datasets ([Figure 2](#fig2){ref-type="fig"}). We observed different regulatory patterns depending on whether the FA side-chains were di-unsaturated; mixed saturated and unsaturated; or contained arachidonic acid (C20:4). The capacity of glucose to stimulate DAG was most obvious in the di-saturated group in both islets ([Figure 2](#fig2){ref-type="fig"}A) and MIN6 cells ([Figure 2](#fig2){ref-type="fig"}D), with significant effects of glucose observed both for individual species, and across all di-saturated species by 2-way ANOVA (p = 0.004 for islets and p = 0.01 for MIN6 cells respectively). Little overall change was observed in the 20:4-containing species ([Figure 2](#fig2){ref-type="fig"}C,F), although the modest decrease in 18:1_20:4 DAG in islets was statistically significant. Mixed species showed an intermediate response, with a tendency for only the most abundant representative (16:0_18:1 DAG) to be augmented ([Figure 2](#fig2){ref-type="fig"}B,E).

To address the source of these DAG increases, we next examined the impact of Orlistat, a general inhibitor of neutral lipases. When added during the 1 h glucose stimulation of MIN6 cells, this inhibited insulin secretion ([Figure 3](#fig3){ref-type="fig"}A). It also enhanced the overall accumulation of TAG ([Figure 3](#fig3){ref-type="fig"}B) and diminished that of MAG ([Figure 3](#fig3){ref-type="fig"}D). Basal DAG was not altered under these conditions ([Figure 3](#fig3){ref-type="fig"}C), probably due to competing inhibitory effects on both its generation from TAG, and its breakdown to MAG. Notably, however, Orlistat completely abolished the accumulation of DAG in response to glucose ([Figure 3](#fig3){ref-type="fig"}C). This was confirmed when the 16:0_16:0 DAG ([Figure 4](#fig4){ref-type="fig"}A) and 16:0_18:1DAG species ([Figure 4](#fig4){ref-type="fig"}B) were examined as representative of the di-saturated and mixed groups respectively. These results suggest that the glucose-stimulated generation of these DAG species is chiefly secondary to the activation of TAG hydrolysis by a neutral lipase such as ATGL. We therefore searched for corresponding changes in the putative, precursor pools of TAG, namely those species containing either two C16:0 chains ([Figure 4](#fig4){ref-type="fig"}C) or both a C16:0 and C18:1 chain ([Figure 4](#fig4){ref-type="fig"}D). Although decrements due to glucose stimulation failed to reach statistical significance, they were of sufficient magnitude to account, at least potentially, for the accompanying increases in DAG. We therefore re-analysed these data as product-precursor ratios by directly calculating the ratio of 16:0_16:0 DAG to the corresponding TAG pool under all treatment conditions ([Figure 4](#fig4){ref-type="fig"}E). Orlistat strongly reduced this ratio independently of glucose but also specifically abolished the increase due to glucose. When the corresponding analysis was applied to the 16:0_18:1 DAG:TAG ratio, however, the effects of both glucose stimulation and Orlistat pretreatment were less pronounced ([Figure 4](#fig4){ref-type="fig"}F). These results suggest some fundamental differences: 16:0_16:0 DAG is predominately generated by TAG hydrolysis under both basal and stimulated conditions; other routes (perhaps *de novo* synthesis) contribute to the basal accumulation of 16:0_18:1 DAG, but the increment due to glucose, which is quite large quantitatively ([Figure 4](#fig4){ref-type="fig"}B), is derived from breakdown of TAG. We further analysed the other two di-saturated DAG species suggested above ([Figure 2](#fig2){ref-type="fig"}) to be glucose-sensitive. 16:0_18:0 DAG ([Figure 4](#fig4){ref-type="fig"}G) gave results very similar to those of 16:0_16:0 DAG, whereas 18:0_18:0 DAG ([Figure 4](#fig4){ref-type="fig"}H) was more akin to 16:0_18:1 DAG. We therefore propose that the C16:0-containing, di-saturated DAGs are good markers for TAG hydrolysis, even if they probably represent only a very small proportion of the overall DAG liberated by this route, especially during glucose stimulation where other abundant pools of TAG are also mobilized.

A different pattern was observed for the 20:4-containing DAG species. The most obvious effect was that of Orlistat, which acted independently of glucose to augment the abundance of both 18:1_20:4 DAG ([Figure 5](#fig5){ref-type="fig"}A) and 18:0_20:4 DAG ([Figure 5](#fig5){ref-type="fig"}B), and conversely to diminish accumulation of their breakdown product, 20:4 MAG ([Figure 5](#fig5){ref-type="fig"}C). Indeed, a clear product-precursor relationship was established from the ratio of 20:4 MAG to total 20:4-containing DAG species, which was unaltered by glucose stimulation but virtually abolished by Orlistat ([Figure 5](#fig5){ref-type="fig"}D). This would implicate a neutral lipase (such as DAG lipase) in the degradation, but not in the formation, of 20:4-containing DAG species in β-cells.

3.3. Glucose-stimulated MAG metabolism {#sec3.3}
--------------------------------------

We next turned to a broader analysis of MAG species. In both islets ([Supplementary Table 1](#appsec1){ref-type="sec"}) and MIN6 cells ([Figure 6](#fig6){ref-type="fig"}A), 18:1 MAG was the most abundant species. It was augmented by glucose stimulation in the MIN6 model ([Figure 6](#fig6){ref-type="fig"}A), with a similar but non-significant trend observed in islets ([Supplementary Table 1](#appsec1){ref-type="sec"}). This increase was markedly sensitive to Orlistat ([Figure 6](#fig6){ref-type="fig"}B), as would be consistent with a mode of generation requiring two neutral lipases, namely the conversion of TAG to DAG, and then DAG to MAG. Indeed, the ratio of 18:1 MAG to 18:1-containing DAG species was greatly reduced by Orlistat ([Figure 6](#fig6){ref-type="fig"}C). Note, however, that this ratio was not altered by glucose ([Figure 6](#fig6){ref-type="fig"}C), unlike that for DAG:TAG ([Figure 4](#fig4){ref-type="fig"}). This suggests that glucose regulates flux through the overall pathway via activation of TAG hydrolysis rather than by regulating the conversion of DAG to MAG. These findings are broadly supportive of recent work pointing to a role for MAG in regulating GSIS, although 18:1 MAG was not reported as an abundant species in those studies [@bib35], [@bib36]. To further investigate this discrepancy, we undertook a second baseline assessment of islet MAG isoforms using double the starting material (around 200 islets/replicate) of those above and employing literature sources and neutral loss scans to identify all potential MAG species that were present. This separate cohort ([Supplementary Table 2](#appsec1){ref-type="sec"}) confirmed that, of the 22 MAG species examined, only 5 accounted for \>95% of total MAG, with 18:1 MAG predominating over the species containing saturated C16:0 or C18:0 side-chains.

3.4. Interactions of glucose with sphingolipid metabolism {#sec3.4}
---------------------------------------------------------

We next sought to confirm the surprising indication from our initial screen that glucose might reduce ceramide accumulation ([Figure 1](#fig1){ref-type="fig"}). This was predominately accounted for by a decrease in the most abundant species containing C24:1, and especially C16:0, side-chains ([Figure 7](#fig7){ref-type="fig"}A). We reasoned that the most obvious mechanism to explain this reduction would be a mass action effect of glucose, acting as a co-factor for the glycosylation of ceramide catalyzed by glucosylceramide synthase (see [Figure 7](#fig7){ref-type="fig"}E). Consistent with this possibility, the ratio of MHC to ceramide was enhanced by glucose stimulation in both islets ([Figure 7](#fig7){ref-type="fig"}B) and MIN6 cells ([Figure 7](#fig7){ref-type="fig"}C). Surprisingly, another possible mechanism was suggested by analysis of the conversion of ceramide to SM, a reaction catalyzed by SMS, which also consumes PC and generates DAG (see [Figure 7](#fig7){ref-type="fig"}E). We assessed this step by calculating the ratios of DAG:Cer and SM:Cer, both of which were elevated by glucose stimulation in islets ([Figure 7](#fig7){ref-type="fig"}B) and MIN6 cells ([Figure 7](#fig7){ref-type="fig"}C). The increment in the SM:Cer ratio due to glucose was completely abolished in the presence of Orlistat ([Figure 7](#fig7){ref-type="fig"}D). A possible explanation for this observation is that, by promoting accumulation of DAG, Orlistat causes a feedback inhibition of SM synthesis, consistent with an established function of the DAG activated protein kinase D (PKD) [@bib37], [@bib38].

To complement these steady-state analyses we also examined flux through the *de novo* pathways of sphingolipid synthesis using MIN6 cells acutely labelled with ^3^H-sphinganine ([Figure 7](#fig7){ref-type="fig"}F). Glucose enhanced the SM:ceramide ratio for SM containing both long chain (SM1) and, to a lesser extent, very long chain FAs (SM2). We also observed a significant increase in the ratio of GalCer to ceramide, but surprisingly not of GluCer to ceramide ([Figure 7](#fig7){ref-type="fig"}F). Thus, in addition to a putative activation of SMS, glucose selectively stimulates the metabolism of ceramide to GalCer (see [Figure 7](#fig7){ref-type="fig"}E). Collectively, these results provide the first evidence that glucose acutely regulates sphingolipid metabolism in β-cells, by enhancing the conversion of ceramide into GalCer and especially SM.

3.5. Phospholipid turnover {#sec3.5}
--------------------------

None of the major phospholipid classes were altered by glucose ([Supplementary Table 1 and Figure 1](#appsec1){ref-type="sec"}) although there were tendencies towards increases in some of the low abundance, polyunsaturated forms of PC (36:6, 37:5, 38:7, and 40:8) and to a lesser extent PE (38:3). In contrast, there was a consistent decrease in total PC(P) plamalogens ([Figure 1](#fig1){ref-type="fig"}). Upon further investigation of both islets ([Figure 8](#fig8){ref-type="fig"}A) and MIN6 cells ([Figure 8](#fig8){ref-type="fig"}B), we determined that these alterations were most apparent in species with poly-unsaturated side-chains. Indeed, it is known that FAs such as 20:4, 22:5 and 22:6 are particularly enriched in plasmalogens, where they are relatively protected against oxidation by the proximity of the vinyl-ether linkage, which presents itself as an alternative target [@bib39]. In contrast, we found no changes in PE plasmalogens, which are much more abundant than those of PC. Accordingly, in both MIN6 cells and islets, plasmalogens constituted around a third of the total PE pool, versus only 1--2% of overall PC (not shown). This is in similar proportions to that observed in other cell types [@bib39].

4. Discussion {#sec4}
=============

Although it has been recognized for more than 40 years that β-cell lipids are acutely remodelled following glucose stimulation [@bib6], these changes remain poorly defined. Taking advantage of the sensitivity of MS, we have now conducted a characterization of these alterations that we believe is the most comprehensive yet, based both on the total number of species analysed (\>350) and the inclusion of members of each of the major classes of sphingolipids, phospholipids, and neutral lipids. Our results highlight alterations in especially in sphingolipid metabolism that have not previously been reported, as well as extend and elaborate prior studies on glycerolipid and plasmalogen turnover. However, we observed no major changes in major phospholipids, either in overall totals of the different classes ([Figure 1](#fig1){ref-type="fig"}) or in individual species thereof (e.g., [Supplementary Table 1](#appsec1){ref-type="sec"}). This is not to contradict an extensive literature on the hydrolysis of PI and PC in response to glucose [@bib22], [@bib23], [@bib24], [@bib25]. Detection of these changes has often required specialized protocols such as analysis of head group markers rather than the associated lipid moieties, shorter stimulation times, and/or tracer approaches for flux estimation. Even so, our strategy did point to elevations in C20:4-containing DAG species, most probably generated by hydrolysis of phospholipids. These increases were most pronounced in the presence of Orlistat. This suggests that DAG liberated by phospholipases is degraded by a neutral lipase, such as DAG lipase, in addition to conversion to phosphatidic acid via the DAG kinase route and re-incorporation into PI. This is consistent with previous studies on the role of DAG lipase in β-cells [@bib23], [@bib40].

There is also prior evidence that glucose can activate PLA2 in β-cells to generate the C20:4 FA, arachidonic acid [@bib28]. However, we observed no changes in the lysophospholipids that would be co-generated by this route, particularly lyso-PE. Again, this is probably explained by our use of protocols that were not specifically designed to address this pathway. We did, however, find decreases in polyunsaturated PC(P) species. Previous studies of plamalogens in β-cells have focused on the much more abundant PE forms, with evidence based on tracer protocols of a decrease in some C20:4-containing species in response to prolonged glucose challenge [@bib29], [@bib41]. No changes in response to glucose stimulation have been reported previously. One explanation for the reduction in PC(P) species we observe would be their degradation in response to the activation of PLA2. Indeed, there is *in vitro* evidence that the glucose-stimulated form of PLA2 present in β-cells prefers PE plasmalogens as a substrate, compared to PE itself, but this has not been shown for the PC plasmalogens [@bib29]. Another possibility is that the PC(P) species are being converted to the corresponding PC metabolites by breakdown of the vinyl ether linkage. This would be consistent with studies suggesting that reactive oxygen species are generated in the process of glucose-stimulated insulin secretion [@bib42]. It is noteworthy that the polyunsaturated FAs (20:4, 20:5 and 20:6), which characterized the glucose-sensitive PC(P)s in our study, are known to be enriched in both secretory granules and mitochondria in β-cells, where their presence in plasmalogens would seem likely [@bib43]. If so, the possibility that a subpool of polyunsaturated PC(P) at these sites might either participate directly in stimulus-secretion coupling, or help protect against ROS generation, is a topic well worthy of future investigation.

A major goal of the current study was to characterize lipid metabolism downstream of TAG hydrolysis in β-cells, which despite its potential importance in regulating GSIS [@bib11], [@bib12], [@bib13], is less well understood than in other tissues. Although it has also been established that glucose stimulates overall lipolysis in β-cells [@bib10], [@bib13], [@bib17], the regulated step and the overall consequences in terms of lipid metabolism have not been clearly elucidated. We have now shown that di-saturated DAG species were regulated by glucose somewhat differently from other DAG types. These appeared to be derived predominately from TAG hydrolysis, as witnessed by an absolute sensitivity to Orlistat. Investigation of product:precursor relationships further suggested that this generation of di-saturated DAGs from TAG was specifically stimulated by glucose. All in all, this would be consistent with an activation of ATGL [@bib18], [@bib19] and probably explains earlier observations of a relative enrichment of saturated FAs in DAG of glucose-stimulated β-cells, even though the exact DAG species were not identified [@bib22], [@bib23]. Although di-saturated DAGs were the most obvious products of glucose stimulated TAG hydrolysis, others such as the highly abundant 16:0_18:1 DAG species were also generated in this manner ([Figure 4](#fig4){ref-type="fig"}B). We propose that the di-saturated DAGs (more specifically those containing C16:0 side-chains) are nevertheless an excellent marker for TAG hydrolysis (at least under standard culture conditions) because they are predominantly generated via this route in response to glucose, even though they are not very abundant. In contrast, 16:0_18:1 DAG is very likely one of the major species released by TAG hydrolysis in quantitative terms, but it is almost certainly generated by additional means such as *de novo* synthesis [@bib3], [@bib8]. Against this baseline, the contribution of TAG hydrolysis is thus less obvious in the product:precursor analysis. As a caveat, however, we would add that a definitive quantification of the relative contributions of all of these competing routes would require specific genetic intervention at key control points, in conjunction with more sophisticated MS protocols combining flux and mass measurements.

Our studies further demonstrated that glucose elevated 18:1 MAG in MIN6 cells, but not other MAG species, and that this was most probably derived from 18:1-containing DAGs generated via TAG hydrolysis. Indeed, ATGL activation appears to be the flux-generating step for the overall pathway, since the product:precursor analyses did not suggest that the conversion of DAG to MAG was independently modulated by glucose. This is an important observation because HSL, which catalyzes this conversion, is highly regulated in other tissues [@bib44] but its relevance to GSIS in β-cells has been difficult to interpret [@bib10], [@bib13], [@bib15]. Addressing the mechanism of activation of ATGL by glucose should now be a focus for future studies.

Our chief aim was to characterize lipid metabolism rather than signalling. As such, we have focused on a single time point (1 h) and only compared responses at basal versus maximal glucose stimulation. However, it seems probable that our findings might have some potential relevance to the regulation of GSIS. We believe that DAGs generated by ATGL are unlikely to be important as signalling intermediates because they do not possess the correct side-chain configuration to interact with effector proteins such as protein kinases [@bib18], [@bib19]. Rather, we suggest that the more likely role of ATGL activation by glucose is the generation of 16:0_18:1 DAG, which serves as the precursor for the generation of 18:1 MAG via an Orlistat-sensitive lipase. Importantly, this MAG species has been previously shown to stimulate insulin secretion [@bib45], [@bib46]. Our findings are also compatible with another recent study implicating MAG in the regulation of GSIS, although, in that instance, the focus was on saturated MAG species, which appear to interact with the signalling molecule Munc13-1 [@bib35]. We certainly wouldn\'t discount a role for these saturated MAGs, although they were relatively minor species in our protocol whereby lipids were analysed directly using MS. In contrast, Zhao et al. isolated MAGs via a multi-step approach entailing TLC, saponification and reverse phase HPLC. Using multiple reaction monitoring we further established that 95% of overall MAG mass was contributed by only 5 individual species, of which 18:1 MAG was the most abundant. We would maintain that MS is inherently more accurate for relative quantification of individual species characterized by different side-chains, although it can not distinguish the exact configuration of those side-chains. Thus, if glucose only stimulated formation of one or other of the 1-MAG or 2-MAG isomers, as might be the case [@bib36], our analysis would underestimate the size of the increase, potentially explaining why we detected no obvious changes at all in di-saturated MAGs, and why the augmentation of 18:1 MAG reached statistical significance only in MIN6 cells. Finally, the major focus of the previous studies was on the enzyme α,β-hydrolase domain 6 [@bib35], [@bib36], which degrades MAG, whereas we concentrated more specifically on upstream TAG hydrolysis. Perhaps these differences might contribute to the alternative emphases on 18:1 MAG versus the saturated species, but this would need to be resolved by future investigations.

Finally, our analyses revealed an unexpected impact of glucose on sphingolipid metabolism in β-cells. We observed a highly reproducible decrease in total ceramide that was, however, probably too subtle to have been detected in a prior study using MIN6 cells [@bib47]. This reduction might be partially explained by an inhibition of *de novo* synthesis due to a previously documented depletion in palmitoyl CoA under these conditions [@bib3]. However, our results also highlight an enhanced flux of ceramide into SM and GalCer, which was demonstrated directly. No overall change in SM mass was detected, probably implicating changes in ceramide or SM at restricted sites within the cell. While these changes might themselves have functional effects, for example by modulating lipid rafts [@bib32], an alternative interpretation would be that they reflect localized activation of SMS. This enzyme has important but poorly understood roles in β-cells in regulating the formation of secretory granules, and downstream exocytosis [@bib26], [@bib27]. In this context the key event is localized generation of DAG, formed concomitantly with SM via SMS, and which activates PKD [@bib27], [@bib48], [@bib49]. Both product:precursor and flux analyses from our study are at least consistent with the idea that localized increases in DAG might be generated via this route during glucose stimulation. Using tracer techniques that, unlike MS, allow the resolution of MHC into different entities depending on the type of hexose incorporated, we further showed that glucose regulates the synthesis of GalCer. Surprisingly, this was not the case for GluCer, as might have been expected simply by mass action. The physiological relevance of this new observation might have to do with repletion of sulfatide, a downstream metabolite of GalCer that has been implicated in the maintenance of proinsulin reserves and secretory granule content [@bib50]. Obviously, further studies will be required to extend these novel findings that glucose regulates sphingolipid metabolism in β-cells.
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![Alterations in total content of major lipids following glucose stimulation in MIN6 cells and primary islets. Isolated islets (A) and MIN6 cells (B) were stimulated with either 2- or 20 mM glucose for 1 h. Cellular lipids were extracted and then subjected to MS, as per Methods. For each lipid class reported, all measured species were summed, and normalized to total phospholipid content. Results are expressed as a fold change of 20 mM glucose to 2 mM glucose. \*p \< 0.05, \*\*p \< 0.01, \*\*\*p \< 0.001 Student\'s unpaired t-test, corrected for multiple comparisons (Holm Sidak). n = 7--9 experiments (A) or n = 6--8 experiments (B). Abbreviations as per text plus: Cer, ceramide; DHC, dihexosylceramide; GM3, monosialodihexosylganglioside; LPI, lyso-PI; PS, phosphatidylserine; PG, phosphatidylglycerol.](gr1){#fig1}

![Glucose preferentially increases C16:0-containing, di-saturated DAG species in primary islets (A--C) and MIN6 cells (D--E). Cellular lipids were extracted and then subjected to MS, as per Methods. Results are presented as mass normalized to total phospholipid content (A--C) or protein content (D--E) following stimulation with 2 mM (white bars) or 20 mM glucose (grey bars) for 1 h. DAG species are grouped as containing side chains that are di-saturated (A,D), mixed (B,E) or containing C20:4 (C,F). \*p \< 0.05, \*\*p \< 0.01, Student\'s unpaired t-test assuming similar scatter in these populations, and corrected for multiple comparisons (Holm Sidak). n = 7--9 experiments (A) or n = 6--7 experiments (B).](gr2){#fig2}

![Inhibition of neutral lipolysis increases TAG, decreases MAG and inhibits the generation of DAG by glucose. MIN6 cells were stimulated with either 2 mM (white bars), or 20 mM glucose (grey bars) or 2 mM (white striped bars) or 20 mM glucose + 0.2 mM Orlistat (grey striped bars) for 1 h. (A) GSIS was measured by RIA. (B--C) Total cellular lipids were extracted and then subjected to MS, as per Methods. (B) total TAG, (C) total DAG, and (D) total MAG. \*p \< 0.05, \*\*\*p \< 0.001, one-way ANOVA, Sidak\'s post-test; \#p \< 0.05; \#\#p \< 0.01 two-way ANOVA for effect of Orlistat. n = 3--6 experiments.](gr3){#fig3}

![C16:0-containing, di-saturated DAG species reflect TAG hydrolysis after glucose stimulation in β-cells. MIN6 cells were stimulated with either 2 mM (white bars), or 20 mM glucose (grey bars) or 2 mM (white striped bars) or 20 mM glucose + 0.2 mM Orlistat (grey striped bars) for 1 h. Total cellular lipids were extracted and then subjected to MS, as per Methods for quantification. (A) 16:0_16:0 DAG, (B) 16:0_18:1 DAG, (C) total TAG containing two C16:0 side-chains, (D) total TAG containing both C16:0 and C18:1 side-chains, (E) ratio 16:0_16:0 DAG to all 16:0_16:0-containing TAG species, (F) ratio of 16:0_18:1 DAG to all 16:0 18:1-containing TAG species, G) ratio of 16:0 18:0 DAG to all 16:0 18:0-containing TAG species, H) ratio of 18:0 18:0 DAG to all 18:0 18:0-containing TAG species. \*p \< 0.05, \*\*p \< 0.01, \*\*\*p \< 0.001 one-way ANOVA, Sidak\'s post-test; \#p \< 0.05 two-way ANOVA for effect of Orlistat. n = 4--6 experiments.](gr4){#fig4}

![20:4-containing DAG species are degraded by a neutral lipase in β-cells. MIN6 cells were stimulated with either 2 mM (white bars), or 20 mM glucose (grey bars) or 2 mM (white striped bars) or 20 mM glucose + 0.2 mM Orlistat (grey striped bars) for 1 h. Total cellular lipids were extracted and then subjected to MS, as per Methods. (A) 18:1_20:4 DAG, (B) 18:0_20:4 DAG, (C) 20:4 MAG, (D) ratio of 20:4 MAG to all 20:4-containing DAG species. \#p \< 0.05, \#\#p \< 0.01, \#\#\#p \< 0.0005 two-way ANOVA effect of Orlistat. n = 3--6 experiments.](gr5){#fig5}

![Generation of 18:1 MAG by glucose is secondary to TAG hydrolysis. MIN6 cells were stimulated with either 2 mM (white bars), or 20 mM glucose (grey bars) or 2 mM (white striped bars) or 20 mM glucose + 0.2 mM Orlistat (grey striped bars) for 1 h. Total cellular lipids were extracted and then subjected to MS, as per Methods. (A) major MAG species, (B) 18:1 MAG, (C) ratio of 18:1 MAG to all 18:1 containing-DAG species. §p \< 0.05 two-way ANOVA corrected for multiple comparisons (Holm Sidak); \#\#p \< 0.01, \#\#\#p \< 0.005 two-way ANOVA for effect of Orlistat. n = 3--6 experiments.](gr6){#fig6}

![Glucose stimulates the flux of ceramide into SM and GalCer in pancreatic β-cells. Islets (A, B) or MIN6 cells (C, D, F) were stimulated with either 2 mM (white bars), or 20 mM glucose (grey bars) or 2 mM (white striped bars) or 20 mM glucose + 0.2 mM Orlistat (grey striped bars) for 1 h. Total cellular lipids were extracted and then subjected MS (A--D), as per Methods, n = 4--6 MIN6 cells, n = 7--9 islets. (A) ceramide species abundance in isolated islets. Ratio of MHC, SM and DAG to ceramide in islets (B) or MIN6 cells (C) expressed as fold increase at 20 mM versus 2 mM glucose. (D) ratio of SM to ceramide in MIN6 cells in presence or absence of Orlistat. (E) Labelling diagram for incorporation of ^3^H-sphinganine into sphingolipid pathways, with abbreviations as per text. (F) MIN6 cells were labelled for 1 h with ^3^H-sphinganine, in the presence of 2 mM (white bars) or 20 mM glucose (grey bars) for 1 h. Cells were then lysed, lipids extracted and separated by TLC analysis and radioactivity of SM, GalCer, ceramide and GluCer determined. Results are expressed as ratios relative to ceramide (n = 4--5). \*p \< 0.05, \*\*p \< 0.01, \*\*\*p \< 0.001, Student\'s unpaired t-test; §p \< 0.05 one-way ANOVA corrected for multiple comparisons (Sidak).](gr7){#fig7}

![Glucose decreases polyunsaturated PC plasmalogen species. Isolated mouse islets (A) or MIN6 cells (B) were stimulated with either 2 mM (white bars), or 20 mM glucose (grey bars) for 1 h. Total cellular lipids were extracted and then subjected to MS, as per Methods. Results are expressed as percent of total major phospholipids. \*p \< 0.05; \*\*p \< 0.01; \*\*\*p \< 0.001 Student\'s unpaired t-test corrected for multiple comparisons (Holm Sidak); n = 8--9 experiments (A) or 6--8 experiments (B).](gr8){#fig8}
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